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The precise orbit determination of Chang'E-2 is the most important issue for successful
mission and scientific applications, while the lunar gravity field model with big un-
certainties has large effect on Chang'E-2 orbit determination. Recently, several new gravity
models have been produced using the latest lunar satellites tracking data, such as LP165P,
SGM150J, GL0900D and GRGM900C. In this paper, the four gravity models mentioned above
were evaluated through the power spectra analysis, admittance and coherence analysis.
Effect of four lunar gravity models on Chang'E-2 orbit determination performance is
investigated and assessed using Very Long Baseline Interferometry (VLBI) tracking data.
The overlap orbit analysis, the posteriori data residual, and the orbit prediction are used to
evaluate the orbit precision between successive arcs. The LP165P model has better orbit
overlap performance than the SGM150J model for Chang'E-2100 km  100 km orbit and the
SGM150J model performs better for Chang'E-2100 km  15 km orbit, while GL0900D and
GRGM900C have the best orbit overlap results for the two types of Chang'E-2 orbit. For the
orbit prediction, GRGM900C has the best orbit prediction performance in the four models.
© 2016, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).How to cite this article:Wei E, et al., Effect of lunar gravitymodels on Chang'E-2 orbit determination using VLBI tracking data,
Geodesy and Geodynamics (2016), 7, 406e415, http://dx.doi.org/10.1016/j.geog.2016.09.001.1. Introduction
The precise orbit determination of lunar probe plays a vital
role in lunar exploration and science, while the lunar gravity
field model with big uncertainty has large effect on lunarnd Geomatics, Wuhan U
ei).
ute of Seismology, China
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na Earthquake Administr
ss article under the CC BYprobe orbit determination. The launch of Luna-10 satellite of
Soviet Union in 1966was a pilot study of lunar gravity. A series
of lunar probes were placed into orbit with different orbital
inclinations and eccentricities by USA in the late 1960s. Uti-
lizing the tracking data obtained by the missions, severalniversity, Wuhan 430079, China.
Earthquake Administration.
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degree of model using a spherical harmonic expansion were
only 16  16 at that time.
With the improvement of computer performance, a 60 60
gravity model had been produced using the comprehensive
historic data. Lemoine et al. [1] provided a new model named
GLGM-2 with the maximum order and degree up to 70. The
low degree (n ¼ 2, 3) and sectoral terms (to degree 20) of the
gravity field were greatly improved by this model, which
included the Clementine tracking data and historic data. The
Lunar Prospector (LP), launched in 1998 by USA, abundantly
contributed to lunar gravity and selenodetic research. With
obtaining the LP and historic tracking data, a series of
gravity models were produced. Konopliv et al. [2] provided a
165  165 gravity model (LP165P) using LP primary and
extended mission data, and all the available data were from
previous missions. LP165P exhibited a good orbit
determination accuracy in comparison to previous models.
Nevertheless, due to the synchronous rotation of the
Moon, none of lunar exploration missions could provide a
direct measurement over the lunar farside before the launch
of Japanese Selenological and Engineering Explorer (SELENE),
which is consisted of a main orbiting satellite at an altitude of
about 100 km circular orbit and two sub-satellites called Rstar
and Vstar in polar and elliptical orbit, respectively. By applying
the 4-way Doppler measurement between the main satellite,
Rstar and terrestrial tracking station, the main satellite could
be further tracked when it was over the farside of the Moon.
The models, based on SELENE data, showed prominent
improvement in lunar farside over the previous models [3e6].
The model SGM150J, applying the SELENE data and previous
mission data, reduced the error in low order and improved the
orbit determination accuracy [4].
The Gravity Recovery and Interior Laboratory (GRAIL)
mission, implemented by NASA in 2011, comprised a pair of
spacecraft at a average altitude of 55 km orbit and carried
Lunar Gravity Ranging System (LGRS) measuring precisely the
range change between the two co-orbiting spacecraft. The
lunar gravity field from GRAIL data has been determined by
two independent but collaborative groups at the Jet Propulsion
Laboratory (JPL) [7,8] and Goddard Space Flight Center (GSFC)
[9]. A series of gravity models were produced by the data of
GRAIL primary mission, which was from March 1 to May 29,
2012. JPL produced a 420  420 gravity model called GL0420A
[7] and a 660  660 model called GL0600B [8], while GSFC
produced a 660  660 model called GRGM660PRIM [9]. With
the addition of the GRAIL extended mission data, the model
GL0900D by JPL [10], and the model GRGM900C by GSFC,
extended the degree and order to 900  900 in sphericalTable 1 e Details of gravity models.
Gravity model Mission Data source D
LP165P LP LP and historic data
SGM150J SELENE SELENE, LP and historic data
GL0420A GRAIL Primary mission data of GRAIL
GL0660B Primary mission data of GRAIL
GL0900D Entire mission data of GRAIL
GRGM660PRIM Primary mission data of GRAIL
GRGM900C Entire mission data of GRAILharmonics [11]. All these models were released on the
website of PDS (http://pds-geosciences.wustl.edu/dataserv/
gravity_models.htm) for reference. Table 1 lists the details of
gravity models mentioned above.
Following the Chang'E-1 (CE-1) of the Chinese Lunar
Exploration Program, Chang'E-2 (CE-2) was launched into a
circular orbit of about 100 km altitude over the lunar face on 9
October 2010, which focused on the high resolution image for
the landing site of Chang'E-3 lunar lander and rover, the
EartheSun L2 Lagrangian point and the asteroid 4179 Toutatis
with an extended mission. Since the precise orbit determi-
nation of CE-2 is very important for scientific purposes, the
Unified S-Band (USB) ranging/Doppler system and Very Long
Baseline Interferometry (VLBI) system were jointly used for
the measurement and control of CE-2 satellite. With the CE-1
tracking data and other mission data (SELENE, LP and histor-
ical spacecrafts), the model CEGM02 was developed. The
tracking data of CE-1 improved the long wavelengths of the
lunar gravity of the lunar gravity field due to its higher orbit
altitude (200 km) [12].
In this paper, we evaluate the four recent lunar gravity
models LP165P, SGM150J, GL0900D and GRGM900C through
the power spectra analysis, admittance and coherence anal-
ysis. Effects of these four lunar gravity fields on CE-2 orbit
determination and prediction are investigated and assessed
using VLBI tracking data. The orbit determination and pre-
diction results of each model were compared and analyzed.2. Data and methods
2.1. VLBI tracking data of CE-2
VLBI, compared to the other two main radiometric mea-
surements in deep space exploration (namely, the ranging and
Doppler measurement), is more effective to measure angular
position and angle-rate [13]. In CE-2 project, the long-arc
precise orbit determination accuracy in the transverse and
orbital normal directions experienced a significant
improvement with the contribution of VLBI tracking data
[14]. Because the USB tracking data of CE-2 has not been
released to the public, we can only use the VLBI tracking
data to determine the orbit of CE-2.
VLBI data includes two types of observations: delay and
delay-rate. Delay is defined as the signal arrival time differ-
ence between two stations. When the signal is emitted by
lunar satellite, the wavefront cannot be approximated as
plane wave (Fig. 1). The geometrical delay model can be
described as:egree and order Institute
165  165 JPL
150  150 National Astronomical Observatory of Japan
420  420 JPL
660  660
900  900
660  660 GSFC
900  900
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¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðx0  x1Þ2 þ

y0  y1
2 þ ðz0  z1Þ2q

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðx0  x2Þ2 þ

y0  y2
2 þ ðz0  z2Þ2q
(1)
where c is velocity of light, t the time delay, t0 the trans-
mission epoch of signal, t1, t2 the time arrivals of two stations,
(x1, y1, z1), (x2, y2, z2) were the coordinates of two stations and
(x0, y0, z0) was the position of lunar satellite at epoch t0.
The derivative of delay with respect to time is delay-rate:
c$ _t¼
ðx0x1Þð _x _x1Þþ y0y1 _y0 _y1þðz0 z1Þð _z0 _z1Þ
r1

ðx0x2Þð _x0 _x2Þþ y0y2 _y0 _y2þðz0 z2Þð _z0 _z2Þ
r2
(2)
where _t is the delay-rate, ð _x1; _y1; _z1Þ and ð _x2; _y2; _z2Þ the velocities
of two stations at epoch t1 and t2, respectively, ð _x0; _y0; _z0Þ the
velocity of lunar satellite at epoch t0, and r1, r2 the distances
between satellite and two stations.
The VLBI tracking in CE-2 mission was implemented by
Chinese VLBI Net (CVN), which was consisted of four stations
(Beijing, Shanghai, Kunming and Urumqi) and a data analysis
center located in Shanghai. The four stations composed six
VLBI baselines (SK, SB, SU, KU, SU, BK). In the CE-2 mission,
the Analog Base-Band Converter (ABBC) used in CE-1 mission
was replaced by the Digital Based-Band Converter (DBBC),
which successfully overcame the non-linear phaseefre-
quency response of ABBC [14].Fig. 1 e VLBI observation of CE-2.3. Evaluation of different gravity models
3.1. Power spectra of the gravity models
The power spectra of gravity model which includes the
sigma and error sigma of the coefficients per degree and re-
flects the quality of the gravity model can be computed as
follows [15]:
sn ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPn
m¼0

C2nm þ S2nm

2nþ 1
s
; dn ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPn
m¼0

s2
Cnm
þ s2
Snm

2nþ 1
vuut
(3)
where sn and dn are the sigma and error sigma of the co-
efficients per degree that are to be computed, Cnm and Snm are
the normalized Stokes coefficients of degree n and order m,
sCnm and sSnm are the sigma of Cnm and Snm, respectively, sn
stands for the Root Mean Square (RMS) magnitude of
normalized coefficients, which shows the power of gravity
field in the frequency domain, dn stands for the RMS magni-
tude of normalized coefficient error which is a standard
measurement for formal error of the gravity field model.
Fig. 2(a) shows the degree-wise RMS spectra power
amplitude for different gravity field models. Solid lines
represent the degree-wise RMS magnitude of coefficients
and dotted lines are the degree-wise RMS of associated
errors. Fig. 2(a) illustrated the results of LP165P, SGM150J,
GL0900D and GRGM900C with the degree up to 180. Due to
the lack of direct observation over lunar farside, LP165P
model gives the lower RMS power beyond degree 35
compared to the other three models. The RMS power of
SGM150J begins to depart from GL0900D and GRGM900C at
about degree 90, which indicates that the contribution of the
farside tracking data of SELENE is finite. The error RMS
spectra of LP165P equals to its RMS spectra at about 80th
degree, while the error RMS spectra of SGM150J intersects
the RMS spectra at degree 130. For the models GL0900D and
GRGM900C, the error spectras are always lower than power,
which indicate that more higher-resolution gravity field can
be derived from the GRAIL mission data. Fig. 2(a) also shows
that GL0900D error provide three to five orders of magnitude
improvement over those of the LP165P and SGM150J, while
the GRGM900C errors provide only two to four orders of
magnitude improvement. The reason may be attributed to
the different parameter estimation strategies for two models.
Asmentioned above, the two team of processing the GRAIL
data produced a series of lunar gravity models using different
mission data. Fig. 2(b) illustrates the RMS spectra power
amplitude for those gravity field models. Due to the
difference in orbit determination software, the priori model,
data editing, and parameter estimation strategies, the JPL
gravity models weren't completely consistent with the GSFC
models [10,11]. As shown in Fig. 2(b), the RMS power of
GL0660B and GRGM660PRIM begin to depart from GL0900D
and GRGM900C at about degree 330, and the GRGM900C
begins to depart from GL0900D at about degree 660. At about
330th degree, the error RMS magnitude of GL0660B and
GRGM660PRIM exceeds the RMS magnitude of associated
coefficients. At degree 660, the error RMS magnitude of
Fig. 2 e RMSmagnitude spectrums versus harmonic degree for the gravity field models of (a) LP165P, SGM150J, GL0900D and
GRGM900C, (b) GL0660B, GL0900D, GRGM660P and GRGM900C.
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the model GL0900D, the error spectra is always lower than
power. GL0900D error RMS spectra also exhibits about one
order of magnitude improvement compared to the
GRGM900C error RMS spectra.
3.2. Admittance and coherence between gravity and
topography
Admittance and coherence are usually used to quantify the
relationship between gravity and topography which are
calculated as respectively [16]:
ZðnÞ ¼
Pn
m¼0

CnmAnm þ SnmBnm

Pn
m¼0

A
2
nm þ B
2
nm
 (4)
gðnÞ ¼
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
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
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPn
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2
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2
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r (5)
where Z(n) represents admittance, g(n) is the coherence, and
Anm and Bnm are the normalized topography model co-
efficients, respectively.
Fig. 3 describes the admittance and coherence between
gravity and topography. The topography model we used in
this paper was the LOLA model [17]. The admittance spectra
and coherence spectra keep the consistence at low degrees
(before degree 15). The negative correlation at degree 10 was
caused by masson of the nearside. LP165P also shows
negative correlation at degree 20 because of lacking farside
observations. In contrast, the prominently higher
admittance and correlation of SGM150J between degrees 20
and 90 are attributed to the farside gravity field
observations. Both LP165P and SGM150J exhibit lower
correlation with increasing degree because of an inability to
sense the full gravitational power of smaller-scale mass
variations. Owing to sampling of global gravity in high
precision, the models (GL0660B, GRGM660PRIM, GL0900D and
GRGM900C) derived from GRAIL data reveal high admittance
and correlation with topography to high degrees. The lunargravity signal has mainly contributed to topography between
degrees 80 and 320 [7].3.3. Orbit overlap analysis
After about 4 days and 16 h flight, much faster than the 12
days taken by CE-1, the CE-2 spacecraft arrived in its lunar
orbit. Through three successful brakings, the spacecraft
entered its nominal mission orbit on October 9, 2010. The
normal mission orbit of CE-2 was a nearly polar circle orbit
with altitude about 100 km. It descended to a 100 km  15 km
elliptical orbit for the close-up imaging task for Sinus Iridum
area during October 26e29, 2010. In this paper,
100 km  100 km orbit and 100 km  15 km orbit are analyzed,
respectively.
Yan et al. [18] compared three 150  150 gravity models
(LP150Q, SGM150J, GLGM-3) through the power spectrum, the
lunar global and localized gravity/topography admittance
and correlation, and CE-2 precision orbit determination. In
this paper, we evaluated four gravity models (LP165P,
SGM150J, GL0900D and GRGM900C). The LP165P model was
selected due to its maximum degree and order derived by LP
mission data. SGM150J model was the latest and most
precise model produced by SELENE mission data.
Researchers of GSFC have developed successively several
interim gravity models of various sizes, which were
mentioned above (GRGM660PRIM and GRGM900C) [11]. The
GRGM660PRIM was produced by GRAIL primary mission data
(Table 1), and GRGM900C was produced by the entire
mission data. We selected the GRGM900C model and ignored
the GRGM660PRIM model because GRGM660PRIM showed
nearly the same orbit determination performance as
GRGM900C with same degree and order. The selection of
GL0900D was due to the same reason.
3.3.1. Orbit determination strategy
The lunar non-spherical gravitation was the main pertur-
bation affecting the orbit of lunar satellite. The lunar gravity
field was usually expanded into spherical harmonic function.
Fig. 3 e (a) Admittance and (b) coherence between gravity and topography.
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orbit determination, it consumed more computation time as
well. So it is of importance to choose the proper degree and
order to guarantee the sufficient orbit determination precision
and computation efficiency. The CE-2 orbit was determined
with different harmonic degrees and orders. The orbit preci-
sion was assessed bymeans of tracking data residual analysis
and orbital overlap difference statistics. For the orbits with
different altitude, the conclusions of the proper degree and
order for orbit determination were different. Table 2 gives the
orbit determination strategy in this paper.
3.3.2. 100 km  100 km
A time span of about 3 days from October 23, 2010 was
divided into two arcs of 30 h length. The first arc started at
18:00:00 (UTC) October 23 and ended at 00:00:00 (UTC) October
25. The second arc spanned from 18:00:00 (UTC) October 24 to
00:00:00 (UTC) October 26. The overlap arc was 6 h length from
18:00:00 October 24 to 00:00:00 October 25. We compared the
statistics of the orbit overlaps obtained after convergencewith
various gravity field models (LP165P, SGM150J and GL0900D,
GRGM900C). The Root Mean Square (RMS) of the orbit differ-
ences was computed during the overlap period in the radial
(R), transverse (T) and normal (N) directions as well as in total
position. In order to study the influence on the solution with
different degrees and orders, we produced a series of special
solutions for this work, up to degree and order 50, 60, 70, 80, 90
and 100, respectively. Fig. 4 illustrated the RMS of overlap orbit
difference in R direction, T direction, N direction and totalTable 2 e Orbit determination strategy.
Central body Moon
Perturbation model Non-spherical gravitation (LP165P,
SGM150J, GL0900D, GRGM900C)
N-body (DE421)
Solar radiation pressure
General relativistic effect
Estimate parameters Position, velocity and radiation
coefficient (Cr)
Data and weight VLBI delay: 1 ns
VLBI delay-rate:1 ps/sposition versus different harmonics degrees of lunar gravity
model.
It is clearly shown in Fig. 4 that the orbit overlap error for
100 km  100 km orbit determined by each model with the
degree and order 50 is the worst. The overlap error
significantly improved with the increasing degrees and orders.
In the radial and transverse directions, there is no significant
improvement on the precision at 70th degree and order and
even exhibits a subtle degradation for precision with higher
degrees and orders. The 90  90 truncated gravity models
obtain the optimal results in normal direction. In conclusion,
the results with 70 70models were optimal in total direction.
In radial direction, the model LP165P got the optimal re-
sults, while the results of GL0900D were nearly the same as
GRGM900C's and the model SGM150J obtained the maximum
overlap error. In transverse direction, the models GL0900D
and GRGM900C got the best results, while the SGM150J located
in the second place and the LP165P was at the bottom of all
fourmodels. The same conclusion can be drawn in the normal
and total direction, but the difference of results of fourmodels
was only several meters at same degree and order.
Above all, for the 100 km  100 km orbit of CE-2, it is well-
suited for the orbit determination using the gravity model
with the degree and order 70. The higher truncated degrees
and orders cannot always bring the better results. Results of
the four models used in this paper showed little difference. In
other words, for the orbit of 100 km altitude, the orbit deter-
mination performance of these four models was nearly equal
with the appropriate truncated degree and order.
The posteriori data residual could indicate the inner pre-
cision of computed orbit. Fig. 5 illustrates the posteriori
residuals of delay and delay-rate data using the four gravity
models with different degrees and orders. The Fig. 5(a)
indicates that the minimum delay residual is at 60th degree
and order. There is a little increase for the delay residual
with higher degree and order, of which magnitude was less
than 0.02 ns (about 6 mm). The differences of delay-rate
residuals for different degrees and orders with larger than 60
are less than 0.01 ps/s (i.e., 0.003 mm/s), which are
illustrated by Fig. 5(b).
We evaluated the orbit determination results of CE-
2100 km  100 km by using orbit overlap difference and pos-
teriori data residual. Results showed that the most
Fig. 4 e RMS of overlap difference in (a) radial direction, (b) transverse direction, (c) normal direction and (d) total position for
100 km £ 100 km orbit.
Fig. 5 e Posteriori residuals of (a) delay and (b) delay-rate for 100 km £ 100 km orbit.
g e o d e s y and g e o d yn am i c s 2 0 1 6 , v o l 7 n o 6 , 4 0 6e4 1 5 411appropriate truncated harmonic degree and order of gravity
model was 70  70 and the RMS of delay and delay-rate re-
sidual were 1.26 ns, 0.67 ps/s, respectively (Table 3), which
were at the same level as the data precision of CE-2 project
[14].
3.3.3. 100 km  15 km
CE-2 implemented the orbit maneuver and transitioned to
its extended mission orbit with minimum altitude of 15 km at
13:49:00 (UTC) October 26, 2010. After about three days of
mapping work, CE-2 upgraded its orbit altitude and continued
its nominal mission at 100 km 100 km orbit at 02:36:00 (UTC)
October 29, 2010. For the overlap analysis in this section, one
arc started at 18:00:00 (UTC) October 26 and ended at 00:00:00
(UTC) October 28, which was 30 h long. The other arc from
18:00:00 (UTC) October 27 to 00:00:00 (UTC) October 29was also
30 h long. The overlap arc was also 6 h from 18:00:00 (UTC)
October 27 to 00:00:00 (UTC) October 28.The influence of non-spherical gravitation on the
100 km  15 km orbit increased. Higher resolution of gravity
field was necessary for precise orbit determination of lunar
satellite. According to their top degrees and orders, we pro-
duced various special solutions up to different degrees and
orders. For LP165P, four solutions to degree and order 70, 100,
150 and 165, respectively were produced. The maximum de-
gree and order was 150  150 for the model SGM150J. For the
900  900 models, GL0900D and GRGM900C, we also produced
the solutions with the degree and order 200, 270 and 300. Fig. 6
illustrated all the statistics in R direction (a), T direction (b), N
direction (c), and total position (d).
Results of 100 km  100 km orbit determination showed
that a 70  70 truncated gravity model could provide the
overlap precision up to about 20 m in total position. However,
the same conclusion was not applicable for the
100 km  15 km CE-2 orbit. The degree and order 70 gravity
field truncated from each model revealed relatively poor
Table 3 e RMS of orbital overlap solutions for CE-2100 km £ 100 km orbit using different gravity models truncated to
70 £ 70 and order.
Gravity model Order RMS of position (m) RMS of data residual
R T N Total Delay (ns) Delay-rate (ps/s)
LP165P 70 4.700 12.259 12.095 17.851 1.264 0.672
SGM150J 70 7.003 18.520 4.816 20.377 1.266 0.669
GL00900D 70 6.619 15.859 2.456 17.359 1.266 0.664
GRGM900C 70 6.621 15.889 2.427 17.383 1.266 0.664
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lution was too low for properly converging the CE-2 orbits. For
the degradation of orbit altitude, the non-spherical perturba-
tion of theMoon acted a greater impact on the CE-2 orbit. Fig. 6
shows that the higher degrees and orders gravity model
prominently improve the precision of orbital overlap
difference. After the degree and order 150, the precision
doesn't have obvious changes.
In radial direction, the GL0900D and GRGM900C provided
the best precision. The SGM150J could get a nearly-identical
result; The LP165P result was prominently worse than the
other three models. Results in the normal direction could lead
to same conclusion. In transverse direction, the SGM150J had
an advantage over othermodels, whichmay be ascribed to the
use of VLBI data improving the precision in the vertical di-
rection of line-of-sight. In all, the SGM150J could provide an
optimum result in total position at the degree and order 150,
the GL0900D and GRGM900C provide the slightly lower preci-
sion at this degree and order, which can be improved with
higher degrees and orders (Table 4). The LP165P exhibited the
poor performance compared to the other three models. EvenFig. 6 e RMS of overlap difference in (a) radial direction, (b) transv
100 km £ 15 km orbit.truncated to 165  165, the orbit overlap error was obviously
larger than the result of SGM150J at 150th degree and order
(Table 4). The table also listed the results of GL0900D and
GRGM900C with maximum degree and order up to 900. The
900  900 gravity model provided a slight improvement on
the orbit overlap difference but cost much more time to
compute, so it is not necessary to use the 900  900
truncated degree and order in orbit determination of CE-2
orbit.
Fig. 7 also illustrated the posteriori delay residual and the
delay-rate residual. Residual results were correlated to
overlap results. There is subtle variation for the data
residual after degree and order 150. Table 4 also
demonstrated this. The LP165P model exhibited a poor orbit
determination performance compared to the other three
models, for that the orbit altitude of Lunar Prospector was
higher than CE-2 extended mission orbit altitude. The CE-
2100 km  15 km orbit overlap precision arrived to about
24 m level using the SGM150J model with its maximum
degree and order. The same level of precision can be
obtained by the GL0900D model and GRGM900C model. Iterse direction, (c) normal direction and (d) total position for
Table 4 e RMS of orbital overlap solutions for CE-2100 km £ 15 km orbit using different gravity models truncated to
different degree and order.
Gravity Model Order RMS of position (m) RMS of data residual
R T N Total Delay (ns) Delay-rate (ps/s)
LP165P 150 24.455 49.140 14.667 56.815 1.206 0.663
165 15.431 32.155 16.112 39.136 1.210 0.651
SGM150J 150 9.032 17.133 14.260 24.051 1.240 0.644
GL00900D 150 8.673 24.163 9.721 27.451 1.216 0.642
165 7.680 22.783 10.619 26.284 1.213 0.640
200 7.578 19.881 10.537 23.743 1.216 0.635
270 7.371 20.676 10.258 24.229 1.213 0.634
300 7.566 19.964 10.363 23.732 1.214 0.634
900 7.389 18.901 10.331 22.772 1.216 0.638
GRGM900C 150 8.722 24.262 9.764 27.569 1.216 0.642
165 7.740 22.887 10.655 26.406 1.213 0.639
200 7.639 19.994 10.575 23.873 1.216 0.635
270 7.427 20.770 10.291 24.340 1.214 0.634
300 7.630 20.086 10.396 23.869 1.214 0.633
900 7.517 19.179 10.395 23.074 1.214 0.634
Fig. 7 e Posteriori residual of (a) delay and (b) delay-rate for 100 km £ 15 km orbit.
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precision in normal direction at degree and order 100, for
which further studies were needed.
3.4. Orbit prediction analysis
We also analyzed the orbit prediction performance of the
four gravity models for CE-2 orbit. For the 100 km  100 km
orbit, the initial epoch was at 00:00:00, October 25, 2010 (UTC).
The initial satellite position and velocity at initial epoch were
the orbit determination results of the first arc. The second arc
determined by VLBI data was seen as the “nominal” orbit. The
initial state was used to integrate a 24-hour arc, which was
compared to the “nominal” orbit. The difference between the
two orbits was seen as the accuracy of the orbit prediction. For
the 100 km  15 km orbit, the initial epoch was at 00:00:00
(UTC), October 28, 2010 and a 24 h arc was also predicted by
numerical integral. The arc from 18:00:00 (UTC) October 27,
2010 to 00:00:00 (UTC) October 29, 2010 determined by VLBI
data was seen as the “nominal orbit”.
Besides the initial position and velocity, the value of radi-
ation coefficient (Cr) used in the orbit prediction was also the
orbit determination result. Perturbation models for orbit
propagation were same as orbit determination which were
listed in Table 2. The degree and order of gravity model wastruncated to 70 for 100 km  100 km orbit and 150 for
100 km  15 km orbit separately. Table 5 listed the RMS of
orbit prediction error for the two types of orbits.
From Table 5, we can see that the precision of orbit
prediction with LP165P or SGM150J is about 90 m in total
position for 100 km  100 km orbit. In transverse and
normal direction, the SGM150J model exhibits better
prediction performance than LP165P. LP165P is better in
radial direction. The GL0900D and GRGM900C provide the
significant improvement on prediction precision in all
directions compared to the other two models. The prediction
precision is about 80 m level and the model GRGM900C is
better than GL0900D.
For the 100 km 15 km orbit, the GRGM900Cmodel has the
best prediction performance in transverse direction and the
GL0900D model provides the worst result, more than 50 m in
this direction. The LP165Pmodel has the largest error in radial
direction but has the best result in normal direction. The
prediction error arrives to about 44 m level with the
GRGM900C model in total position, which is obviously better
than that on the 100 km  100 km orbit.
It is worth noting that the orbit prediction error of the
100 km  100 km orbit was larger than that of the
100 km 15 km orbit. We know that at 100 km  100 km orbit,
sensitivity to high degrees and orders is diminished and the
Table 5 e RMS of orbit prediction error for 100 km £ 100 km orbit and 100 km £ 15 km orbit.
Gravity models RMS of orbit prediction error (m)
100 km  100 km orbit 100 km  15 km orbit
R T N Total R T N Total
LP165P 9.366 91.988 12.245 93.271 19.979 47.593 8.096 52.248
SGM150J 10.224 88.966 6.427 89.782 11.592 45.700 8.165 47.849
GL0900D 8.130 82.980 2.609 83.407 11.744 50.935 9.539 53.135
GRGM900C 7.977 79.348 2.657 79.793 11.641 41.362 9.567 44.021
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error for the 100 km  100 km orbit was probably due to the
nonconservative forces.4. Conclusions
In this paper, the lunar gravity model LP165P, SGM150J,
GL0900D, and GRGM900C are compared from the power
spectra of spherical harmonics per degree, admittance and
coherence between the gravity and topography. The power
spectra showed that SGM150J could provide significant
improvement on the error RMS magnitude over that of the
LP165P due to the lunar farside measurement. With the high
precision measurement and global sampling, GL0900D and
GRGM900C extended the degree and order up to 900 and
revealed three to five magnitude improvement on the error
RMS. Analysis on the admittance and coherence indicated
that GL0900D and GRGM900C were high correlation with the
topography even at high degree. SGM150J exhibited high cor-
relation before degree 100 and LP165P exhibited overly low
global coherence at all degrees.
The performance of orbit determination of each gravity
model was further assessed. For the 100 km  100 km orbit, a
70 70 gravity field could provide a goodfit to the tracking data
and about 17 m RMS of overlap in total position using LP165P,
GL0900D or GRGM900C, while the SGM150J could provide
slightly lower precision about 20 m. There is no significant
improvement of orbit determination precision using 70  70
gravity field compared to using the gravity field with higher
degrees and orders. However, for the 100 km 15 kmorbit, the
gravity with higher degree and order could improve the pre-
cision of orbit determination significantly. The good fit to the
tracking data needed the degree and order of gravitymodel up
to 150  150. The RMS overlap difference with SGM150J model
at 150  150 in harmonics coefficient was about 24 m in total
position, while the RMS value in same direction with LP165P
evenat 165 165wasmore than 39m.With 200 200 or higher
truncated degree and order, the GL0900D and GRGM900C also
attain the same level results as SGM150J.
The LP165P model has better orbit determination perfor-
mance than the SGM150J model for CE-2100 km  100 km
orbit, while the SGM150J performs better for CE-
2100 km  15 km orbit. GL0900D and GRGM900C have the best
orbit determination performance for the two types of orbit,
but GLGM900C has obvious advantage over GL0900D on the
aspect of orbit prediction. Therefore, GRGM900C is the best
gravity model for CE-2 orbit determination and prediction.
However, GL0900D shows lower RMS magnitude of error thanthe GRGM900C, so it is a better choice for the research on the
selenphysical interpretations.
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